Rastogi S, Imai M, Sharov VG, Mishra S, Sabbah HN. Darbepoetin-␣ prevents progressive left ventricular dysfunction and remodeling in nonanemic dogs with heart failure. Am J Physiol Heart Circ Physiol 295: H2475-H2482, 2008. First published October 24, 2008 doi:10.1152/ajpheart.00074.2008.-In anemic patients with heart failure (HF), erythropoietin-type drugs can elicit clinical improvement. This study examined the effects of chronic monotherapy with darbepoetin-␣ (DARB) on left ventricular (LV) function and remodeling in nonanemic dogs with advanced HF. HF [LV ejection fraction (EF) ϳ25%] was produced in 14 dogs by intracoronary microembolizations. Dogs were randomized to once a week subcutaneous injection of DARB (1.0 g/kg, n ϭ 7) or to no therapy (HF, n ϭ 7). All procedures were performed during cardiac catheterization under general anesthesia and under sterile conditions. LV end-diastolic volume (EDV), end-systolic volume (ESV), and EF were measured before the initiation of therapy and at the end of 3 mo of therapy. mRNA and protein expression of caspase-3, hypoxia inducible factor-1␣, and the bone marrow-derived stem cell marker c-Kit were determined in LV tissue. In HF dogs, EDV and ESV increased and EF decreased after 3 mo of followup. Treatment with DARB prevented the increase in EDV, decreased ESV, and increased EF. DARB therapy also normalized the expression of HIF-1␣ and active caspase-3 and enhanced the expression of c-Kit. We conclude that chronic monotherapy with DARB prevents progressive LV dysfunction and dilation in nonanemic dogs with advanced HF. These results suggest that DARB elicits beneficial effects in HF that are independent of the presence of anemia. erythropoietin; anemia; ventricular remodeling; stem cells MANY PATIENTS with congestive heart failure (HF) are anemic or exhibit hemoglobin levels near the lower limit of normal (12). The severity of HF has been shown to positively correlate with the degree of anemia (38, 45) . The kidneys represent the main site of the synthesis of erythropoietin, the most important hormone regulating erythropoiesis (18, 19) . Darbepoetin-␣ (DARB) is a derivative of erythropoietin that contains two more carbohydrate groups than the native protein and increase its half-life by threefold compared with recombinant erythropoietin. DARB has been shown to be efficacious in maintaining hemoglobin levels in anemic patients (24). Clinical trials have shown that in anemic patients with HF, DARB increases and maintains hemoglobin and improves health-related quality of life and exercise duration (29, 44) .
MANY PATIENTS with congestive heart failure (HF) are anemic or exhibit hemoglobin levels near the lower limit of normal (12) . The severity of HF has been shown to positively correlate with the degree of anemia (38, 45) . The kidneys represent the main site of the synthesis of erythropoietin, the most important hormone regulating erythropoiesis (18, 19) . Darbepoetin-␣ (DARB) is a derivative of erythropoietin that contains two more carbohydrate groups than the native protein and increase its half-life by threefold compared with recombinant erythropoietin. DARB has been shown to be efficacious in maintaining hemoglobin levels in anemic patients (24) . Clinical trials have shown that in anemic patients with HF, DARB increases and maintains hemoglobin and improves health-related quality of life and exercise duration (29, 44) .
Erythropoietin has also been shown to possess a host of other nonerythropoietic properties including the ability to stimulate angiogenesis (20) , attenuate apoptosis and hypoxia (28, 41) , and mobilize bone marrow-derived stem cells (BMSCs) (1, 2) . Erythropoietin has also been shown to exert direct cytoprotective effects on cardiomyocytes through stimulation of the erythropoietin receptor and the phosphatidylinositol 3-kinase/Akt signaling pathway (4, 46) . In a rat model of myocardial infarction, treatment with DARB induced angiogenesis and improved left ventricular (LV) function (42) . In the present study, we investigated the effects of long-term (3 mo) monotherapy with DARB on LV function and remodeling in nonanaemic dogs with chronic advanced HF produced by intracoronary microembolizations (37) .
METHODS
Experimental model. The canine model of chronic HF used in this study has been previously described in detail (37) . In this preparation, LV dysfunction is produced by multiple sequential intracoronary microembolizations that result in the loss of viable myocardium. The model manifests many of the sequelae of HF observed in humans, including marked and progressive depression of LV systolic and diastolic function, reduced cardiac output (CO), and increased LV filling pressures. In the present study, 14 healthy mongrel dogs, weighing between 19 and 24 kg, underwent serial coronary microembolizations to produce HF. Embolizations were performed 1-2 wk apart and were discontinued when the LV ejection fraction (EF), determined angiographically, was ϳ25%. All procedures were performed during cardiac catheterization under general anesthesia and under sterile conditions. Animals were sedated with intravenous oxymorphone hydrochloride (0.22 mg/kg) and diazepam (0.17 mg/ kg), and a plane of anesthesia was maintained with 1-2% isofluorane.
Study protocol and end points. Two weeks after the last embolization, dogs were randomized to once a week subcutaneous injection of DARB (1.0 g/kg, n ϭ 7) or to no therapy at all (HF, n ϭ 7). The DARB dose used in this study was recommended by the manufacturer based on available information from preclinical testing. Hemodynamic, angiographic, echocardiographic, and Doppler measurements were made before randomization (pretreatment) and after the completion of 3 mo of therapy (posttreatment). After the final hemodynamic assessment, and while under general anesthesia, the dog's chest was opened, the heart was rapidly removed, and tissue was prepared for histological and biochemical evaluation. LV tissue samples were also obtained from six normal dogs for comparison. The primary study end points were changes in LV EF, determined angiographically, and changes in global LV remodeling based on changes in LV endsystolic volume (ESV) and end-diastolic volume (EDV), also determined angiographically. Secondary end points were changes in histomorphometric measures of cellular remodeling, namely, changes of cardiomyocyte hypertrophy, replacement fibrosis, interstitial fibrosis, capillary density (CD), and oxygen diffusion distance (ODD). The study was approved by the Henry Ford Hospital Institutional Animal Care and Use Committee and adhered to the American Physiological Society's Guiding Principles in the Care and Use of Animals.
Hemodynamic and angiographic measurements. Hemodynamic and angiographic measurements were made at baseline, before any microembolization, at the time of randomization, before the initiation of therapy (pretreatment), and at the end of 3 mo of therapy (posttreatment). Aortic and LV pressures were measured with catheter-tip micromanometers (Millar Instruments, Houston, TX). Left ventriculograms were obtained with the dog placed on its right side and recorded on 35-mm cinefilm at 30 frame/s during the injection of 20 ml of contrast material (RENO-M-60 Squibb, Princeton, NJ). Correction for image magnification was made with a radiopaque calibrated grid placed at the level of the LV. LV ESV and EDV were calculated from LV silhouettes using the area-length method (7), and EF was calculated as previously described (35) . Stroke volume (SV) was calculated as the difference between LV EDV and ESV. CO was calculated as the product of SV and heart rate (HR).
Echocardiographic and Doppler measurements. Echocardiographic and Doppler experiments were performed using a 77030A ultrasound system (Hewlett-Packard) with a 3.5-MHz transducer. All measurements were made with the dog placed in the right lateral decubitus position. Two chamber views were obtained to measure the LV major and minor semiaxes used in calculating LV end-diastolic circumferential wall stress (EDWS). EDWS was calculated as follows:
2 ), where EDP is LV end-diastolic pressure, a is the LV major semiaxis, b is the LV minor semiaxis, and h is LV wall thickness (11) .
Mitral valve inflow velocity was measured by pulsed-wave Doppler echocardiography. Velocity waveforms were used to calculate peak mitral flow velocity in early diastole (PE), peak mitral inflow velocity during left atrial contraction (PA), the ratio of PE to PA (PE/PA ratio), and early mitral inflow velocity deceleration time (DT). The presence or absence of functional mitral regurgitation (MR) was determined with Doppler color flow mapping (model 77020A Ultrasound System, Hewlett-Packard) using both apical two-chamber and apical four-chamber views. When present, the severity of functional MR was quantified based on the ratio of the regurgitant jet area to the area of the left atrium times 100.
Histomorphometric measurements. From each heart, three transverse slices (ϳ3 mm thick) were obtained, one each from the basal, middle, and apical LV thirds. From each slice, transmural tissue blocks were obtained and embedded in paraffin blocks. Transmural tissue blocks were also obtained from the free wall segment of the slice, mounted on cork using Tissue-Tek embedding medium, rapidly frozen in isopentane precooled in liquid nitrogen, and stored at Ϫ70°C until use. The volume fraction of replacement fibrosis (VFRF), volume fraction of interstitial fibrosis (VFIF), myocyte cross-sectional area (MCSA; a measure of cardiomyocyte hypertrophy), CD, capillaries per fiber (an index of capillary density), and ODD were measured as previously described (36) . Frozen myocardial sections were also immunostained with Griffonia simplicifolia lectin (Vector Laboratories) and photographed.
mRNA and protein expression, immunostaining, and circulating BMSC counts. All tissue and blood samples were submitted for analysis without treatment regimen identifiers. mRNA expression of GAPDH, hypoxia inducible factor (HIF)-1␣, caspase-3, and c-Kit was measured. Total RNA with an absorbance ratio (260 /280 nm) above 1.7 was isolated from frozen LV tissue, and ϳ4 -10 g RNA was reverse transcribed into cDNA in an assay volume of 80 l as previously described (31, 32) . Protein levels of ␤-actin (to ensure equal protein loading in all groups), HIF-1␣, activated caspase-3, and the stem cell marker c-Kit were measured in LV homogenates by Western blots as previously described (31, 32) . Briefly, LV homogenate was prepared from ϳ100 mg of LV powder. Samples were thawed in 1 ml of homogenization buffer, which consisted of 50 mM Tris ⅐ HCl (pH 7.4), 0.5 mM sodium EDTA (pH 7.0), 0.3 M sucrose, and protease inhibitors (0.8 mM benzamidine, 0.8 mg/l aprotinin, 0.8 mg/l leupeptin, and 0.4 g/l antipain). Thawed tissue was homogenized by a polytron mixer. SDS extract was prepared from the resulting homogenate, and the protein assay was determined by Lowry's method. Approximately 20 -100 g protein of each dog sample was separated on a 4 -20% SDS-polyacrylamide gel (BioRad), and the separated proteins were electrophoretically transferred to a nitrocellulose membrane. The accuracy of the electrotransfer was confirmed by staining the membrane with 0.1% amido black. For identification of the desired protein, the nitrocellulose blot was incubated with the appropriately diluted primary antibody specific to each protein based on the supplier's instructions (Santa Cruz Biotechnology, Santa Cruz, CA, and Affinity Bio Reagents, Golden, CO). The antibody-binding protein(s) was visualized by autoradiography after treatment of the blot with horseradish peroxidase-conjugated secondary antibody and ECL color developing reagents according to the supplier. Band intensity was quantified using a Bio-Rad GS-670 imaging densitometer and expressed as densitometric units. In all circumstances, we made sure that the antibody was present in excess over the antigen and that the density of each protein band was in the linear scale. Band intensities of proteins were quantified in densitometric units and were normalized to ␤-actin.
Frozen LV myocardial sections were immunostained with c-Kit and cleaved poly ADP-ribose polymerase (PARP)-1 rabbit polyclonal antibodies (Santa Cruz Biotechnology) and double stained with propidium iodide to detect the mobilization of BMSCs and apoptosis in situ. Circulating Sca-1-positive BMSCs were isolated from whole blood as previously described (48) . Sca-1-positive BMSC cells include mesenchymal, multipotent adult progenitor, and Hoechst side population cells (21) . Briefly, blood samples were centrifuged over a Ficoll-Hypaque gradient, and isolated cells were blocked with 10% normal blocking serum to suppress nonspecific binding. Cells were then washed with PBS and kept in a cold room to incubate with the primary antibody for 2 h (Santa Cruz Biotechnology). Cells were once again washed with PBS and incubated with secondary antibody containing FITC for 1 h in the dark and on ice. Cells were washed, centrifuged, and then resuspended in PBS. Sca-1-positive BMSCs were fluorescent and were counted using a hemocytometer coupled to fluorescent microscope. The hemocytometer consists of nine 1-mm squares divided into smaller squares. One of the 1-mm squares represents a volume of 0.1 mm 3 or 10 Ϫ4 ml. Using a ϫ10 objective, the total number of cells and fluorescent cells in a 1-mm square area were counted. If there were Ͻ100 cells in a 1-mm square, 2 or more 1-mm square areas were counted and the results were averaged.
Statistical analysis. All angiographic and histomorphometric analyses were performed in a blinded manner. Within-group comparisons were made using Student's paired t-test. To ensure that all study measures were similar at baseline and at the time of randomization before the initiation of therapy (pretreatment), intergroup comparisons were made using one-way ANOVA with ␣ set to 0.05. To assess the treatment effect, the change in each measure from pretreatment to posttreatment was calculated for each study group. To determine whether significant differences in changes were present between groups, ANOVA was performed with ␣ set to 0.05. Histomorphometric results as well as mRNA and protein expression results obtained in study groups and in a group of normal dogs were examined using ANOVA with ␣ set to 0.05. In all instances, if significance was attained by overall ANOVA, pairwise comparisons were performed using the Student-Newman-Keuls test. For all pairwise comparisons, probability values of Յ0.05 were considered significant. All data are reported as means Ϯ SE.
RESULTS
All 14 study animals survived the entire duration of the study. Baseline data for both groups are shown in Table 1 . Baseline hemodynamic, angiographic, echocardiographic, and Doppler findings were within the normal range for mongrel dogs in our laboratory. There were no significant differences in any baseline parameters between control dogs and dogs ran-domized to DARB (Table 1) . Similarly, there were no significant differences between study groups in any of the measures obtained at pretreatment (Tables 2 and 3) .
Effects of no therapy (HF) on the progression of LV dysfunction.
Pretreatment and posttreatment (3 mo followup without treatment) results in the HF group are shown in Table 2 . HR and mean aortic pressure remained unchanged. LV EDP, EDV, and ESV increased significantly, whereas LV EF decreased significantly (Table 2) . SV, CO, and the cardiac index (CI) tended to also decrease, but the reduction did not reach statistical difference. Echocardiographic and Doppler results showed a significant increase in the severity of functional MR and in LV EDWS. DT decreased significantly. The PE/PA ratio also decreased, but the reduction did not reach statistical significance. There was a modest increase in hematocrit, hemoglobin, and the erythrocyte sedimentation rate, but the changes did not reach statistical significance.
Effects of monotherapy with DARB. Pretreatment and posttreatment (3 mo of therapy with DARB) results in this active study group are shown in Table 3 . In dogs randomized to monotherapy with DARB, there was no difference in HR, but the mean aortic pressure increased modestly but significantly. The increase in EDV seen in HF dogs was prevented by treatment with DARB. LV EDP and ESV decreased significantly, whereas LV EF, SV, CO, and CI all increased significantly. Echocardiographic and Doppler results showed no significant change in the PE/PA ratio, DT, and severity of functional MR. LV EDWS decreased significantly after 3 mo of treatment. There was a modest increase of both hematocrit Values are means Ϯ SE. HF, heart failure; DARB, darbepoetin-␣; HR, heart rate; LV EDP, left ventricular (LV) end-diastolic pressure; LV EDV, LV end-diastolic volume; LV ESV, LV end-systolic volume; LV EF, LV ejection fraction; SV, stroke volume; CO, cardiac output; CI, cardiac index; PE/PA, ratio of peak mitral flow velocity in early diastole (PE) to peak mitral inflow velocity during left atrial contraction (PA); MR, functional mitral regurgitation; DT, deceleration time; LV EDWS, LV end-diastolic circumferential wall stress. and hemoglobin and no change in the erythrocyte sedimentation rate.
Comparisons of treatment effect. Treatment effect results are shown in Table 4 . The changes between pretreatment and posttreatment are also shown in Table 4 . Treatment effect analysis showed no differences among the two study groups with respect to HR and mean aortic pressure. Treatment with DARB resulted in a decrease in LV EDP, EDV, and ESV and a significant increase in LV EF, SV, CO, and CI. Compared with control, treatment with DARB significantly increased DT and the PE/PA ratio and significantly reduced the severity of MR and EDWS. Both hematocrit and hemoglobin tended to increase with DARB treatment, but this change was not statistically significant. There was no difference in the erythrocyte sedimentation rate between groups.
Histomorphometric findings. Histomorphometric data are shown in Table 5 . Compared with normal dogs, HF dogs showed a significant increase in MCSA, VFRF, VFIF, and ODD along with a significant decrease CD and the capillaryto-fiber ratio. Long-term treatment with DARB significantly improved all of the above histomorphometric measures compared with HF dogs. Histological images of stained frozen sections of the LV myocardium are shown in Fig. 1 .
Results of mRNA and protein expression, immunostaining, and circulating BMSC counts. Immunohistochemical results are shown in Table 6 and Fig. 2 . The number of circulating BMSCs was significantly reduced in HF dogs compared with that in normal dogs. Monotherapy with DARB normalized the number of circulating BMSCs compared with HF (Table 6 ). The results of protein and mRNA expression experiments are shown in Figs. 3-7 mRNA expression of GAPDH and protein expression of ␤-actin in the LV myocardium were not significantly different between the two study groups and that of the normal dog LV myocardium. In HF dogs, mRNA and protein expression of active caspase-3, HIF-1␣, and c-Kit increased significantly compared with normal dogs. Treatment with DARB prevented the increase in active caspase-3 and HIF-1␣ and further increased the expression of c-Kit.
DISCUSSION
The results of the present study demonstrate that long-term monotherapy with DARB prevents progressive LV dysfunction and remodeling in nonanemic dogs with advanced HF. This observation is supported by the finding that monotherapy with DARB increased LV EF and prevented progressive LV enlargement. Monotherapy with DARB also decreased LV EDP and LV EDWS and increased both the PE/PA ratio and DT, suggesting that this form of therapy also improved LV diastolic function. These global benefits extended to the cellular level, as evidenced by the attenuation of replacement and interstitial fibrosis, reduced cardiomyocyte hypertrophy, and overall improvement in oxygen supply to the contractile units, as evidenced by increased CD, reduced ODD, and reduced expression of HIF-1␣. All of these favorable observations provide support for the concept that DARB prevents worsening of the HF state even in the absence of associated anemia. 
Effects of DARB on LV function and global remodeling.
The observation of preserved cardiac function and attenuation of LV global remodeling in dogs randomized to DARB is in agreement with previous studies of erythropoietin in experimental models of myocardial infarction and HF. In these animal models, acute and chronic therapy with erythropoietin was associated with a reduction in infarct size and with an improvement in cardiac function and remodeling (3, 13, 16, 17, 22, 30, 42, 47) . In patients with myocardial infarction and chronic HF, DARB was both safe and well tolerated and showed a trend toward lowering the risk of morbidity and mortality (6, 10, 23). Ponikowski et al. (29) observed a sustained increase of hemoglobin, improved health-related quality of life, and a trend toward increased exercise time in a randomized, doubleblind, placebo-controlled study of anemic patients with HF that were treated with DARB. In another randomized, double-blind, placebo-controlled study in anemic patients with HF treated with DARB, Veldhuisen et al. (44) observed a significant improvement in the Kansas City Cardiomyopathy Questionnaire total symptom score. Palazzuoli et al. (27) showed that treatment of patients with HF using erythropoietin increases LV EF and modestly reduces LV systolic diameter and volume.
Effects of DARB on myocardial fibrosis and cardiomyocyte hypertrophy. Structural maladaptations such as cardiomyocyte hypertrophy and the accumulation of collagen in the cardiac interstitium occurs in HF and can lead to LV diastolic dysfunction (34, 39) . In the present study, VFIF and MCSA, a measure of cardiac hypertrophy, were significantly reduced in dogs treated with DARB compared with HF dogs. A decrease in CD and an increase in ODD frequently accompany reactive interstitial fibrosis and hypertrophy in the setting of HF (34) . In the present study, an increase in CD and a decrease in ODD were observed in HF dogs treated with DARB compared with HF dogs. The increase of CD observed in the present study may also be the result of proangiogenic activity of DARB. Kertesz et al. (20) demonstrated that deletion of erythropoietin in knockout animals leads to major angiogenic defects.
Effects of DARB on hypoxia, apoptosis, and BMSC mobilization. In addition to improving LV function and attenuating progressive global LV remodeling, dogs randomized to DARB showed a significant decrease in the mRNA and protein expression of active caspase-3 and HIF-1␣ compared with HF dogs. Ongoing loss of cardiomyocytes through necrosis and/or apoptosis has been implicated, albeit in part, in the progressive worsening of LV function and remodeling in HF (33) . Central to this process of programmed cell death is the activation of downstream procaspase-3, which cleaves caspase-activated deoxyribonuclease from its inhibitor. This inactivates proteins involved in DNA repair and replication and disassembles cell structures (40) . Evidence from recent animal studies has shown that erythropoietin reduces apoptosis via an Akt-mediated pathway involving a decrease in active caspase-3 (5, 28, 41) . Thus, the downregulation in the expression of active caspase-3 in HF dogs treated with DARB argues in favor of a reduction or amelioration of ongoing apoptosis in the failing myocardium. Gao et al. (9) demonstrated that DARB protects the heart against ischemia-reperfusion injury and improves cardiac function through a reduction of myocyte apoptosis.
In the present study, chronic treatment with DARB through its effects on myocardial fibrosis, CD, and cardiomyocyte hypertrophy may have attenuated hypoxia and, in turn, apoptosis. The latter is evidenced by a clear reduction in cleaved PARP-1 cells and a reduction in the expression of active caspase-3, a major contributor to ongoing programmed cell death. An important component of the hypoxic response is the activation of HIF-1␣, a transcription factor essential for cells' adaptation to low oxygen levels (15, 43) . In the present study, the reduction in the expression of HIF-1␣ in the LV myocardium of HF dogs treated with DARB may reflect a reduction in the hypoxic burden on the LV myocardium. Another important finding of this study was the observation of further enhancement in the mRNA and protein expression of c-Kit and mobilization of cKit ϩve cells in the LV myocardium and normalization of circulating BMSC in venous blood of dogs randomized to DARB compared with HF dogs. c-Kit is a key stem cell marker that, when observed in tissue, provides evidence for the presence of BMSCs. In animal models of myocardial infarction and HF, erythropoietin was shown to mobilize BMSCs (14, 16, 47) . Heeschen et al. (14) showed that erythropoietin stimulates postnatal neovascularization, in part, by enhancing stem cell mobilization from the bone marrow. In patients with myocardial infarction, Lipsic et al. (23) observed that treatment with DARB stimulates stem cell mobilization. In the present study, the observed upregulation of the key stem cell marker c-Kit and mobilization of cKit ϩve cells suggests the possibility of BMSCs mobilization and potentially the subsequent colonization of the myocardium by circulating BMSCs. It is reasonable to assume that these positive adaptations, among others, account, in part, for the improvement in LV function seen in HF after therapy with DARB.
Potential clinical implications and conclusions. The results of this study support the concept that the beneficial effects of DARB in HF are independent of erythropoiesis. This independence from erythropoesis is consistent with observations made by others in acute myocardial infarction (28) . More recently, nonhematopoietic derivatives of erythropoietin have been developed, and some have shown the same cytoprotective effects as erythropoietin in brain and heart ischemia (8, 25, 26) . The results of the present study provide a biological rationale for the use of DARB or perhaps derivatives of erythropoietin, after proper evaluation, as an adjunctive therapy in patients with HF even in the absence of anemia. At present, two large randomized clinical trials are underway to investigate the effects of DARB in patients with HF. One trial is The Reduction of Events with Darbepoetin-␣ in Heart Failure Trial (RED-HF), which will examine the efficacy of treatment of anemia with DARB compared with placebo on the composite of time to death from any cause or first hospital admission for worsening HF in subjects with symptomatic LV systolic dysfunction and anemia. The other trial is a substudy of the RED-HF trial, which will examine the effects of DARB on cardiac function and disease-specific biomarkers in patients with HF and anemia.
In conclusion, long-term monotherapy with DARB in dogs with advanced HF and without anemia prevents progressive LV dysfunction and attenuates global and structural LV myocardial remodeling. These preclinical findings suggest that DARB may have potential beneficial effects in HF beyond that related to the correction of underlying anemia. The beneficial effects of DARB in HF are likely mediated by a combination of factors that include, but are not limited to, a decrease in apoptosis and hypoxia and an increase in c-Kit-positive stem cells. All of these factors, individually or acting in concert, can have a direct effect on improving cardiac function.
Additional studies are needed to determine whether DARB or other derivatives of erythropoietin have added benefit when used in combination with standard HF therapies such as angiotensin-converting enzyme inhibitors and ␤-adrenergic receptor blockers.
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